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ON THE MOLECULAR-ORBITAL THEORY OF CONJUGATED
b ORGANIC COMPOUNDS WITH APPLICATIONS

TO THE PERTURBED BENZENE RING®*

Per-Olov Lbwdin
Department of Physics, Duke University
Durham, North Carolina*#*
ABSTRACT
The electronic structure of a molecular systcm is investigated by using the

idea of molecular orbitals. The behaviour of the separate molecular orbitals and
the orbital energies under the influence of the substitution of one or more hetero-

atoms, considered as pcrturbations, is cxamined. A series of quantitics, sepa-

rate charge orders, bond orders, and mutabilities are introduced, giving informa-

tion about ;ome characteristic physical and chemical propertics of thc compound,
The perturbation scheme is carried out explicitly to the second order in the
energies and to the first order in the orbitals, and special attention is paid to the
treatment of degenerate levels. The overlapping probiem is fully discussed. The
basic results are independent of any empirical parameters, and they may be used
either in the naive semi-empirical theory or in a more elaborate theorctical ap-

proach based on an antisymmetrized molecular wave function,

As an example, numerical applications are carried out in detail on benzene,
Separate charge orders, bond orders, and mutabilities are tabulated, and orbital

energies for a perturbed benzene ring with one or two heterocatoms are explicitly

given,

8 Work supported by the ONR under Contract Néori-107, Task Order I, with
Duke University.

$% Permanent address: Instit:te of Mechanics and Mathematical Physics,
University of Uppsala, Uppsala, Sweden.




Absorpticn 8tudios of tho Vapors of the Throo Isomcrioc
Picolincs in thc Near Ultraviclot,® ¥
- Je BHe Rush®* and H, Sponocr
Dcpartnont of Physics, Dukc University, Durhon, North Carolina

Abstract

8Studics of thc ncar ultraviolct absorptlion spcctra of a=-,
B-, and % ~picolinc vapor havc beoen mado in low and nmodiun die-
persion, Conclusive cvidonce is found for two coloctronic transi~
tions in thc vicinitics of 35500 and 38500 o™}, Thc former tran—
sition is intcrproted as an allowed 4,-B, transition rcsult ing
from thc oxcitaticn of an sp? non-bonding clcctron of the nitrogon
atom into tho first unfilled m crbital of thc ring, Tho latter
transiticn 1s considcred an cllewod Ay-B, transition rosulting
fron the cxcitaticn of a w ring clcctron, The 51482 systcn oxe
hibits narrow hoadlcss bands einilar to the first cbeorption
bands in pyridinc, It 1s of wcak intcensity ceoaoparcblce to that cof
the forbidden A)~B,, trensition in bonzeno, The & -By systen,
vhich is oych strongor, conasists of broad 4iffusc bands, There
is ovidonco that this syston nay be overlappoed by cnothor tran-~
sition in B«;picolino.
® This work wrs supportcd by tho ONR undcr contract Noori-107, T.0.I.

with Dukc Univorsity, '

4+ Basod in pert on a dissartation by J, H, Rush subnitted in

particl fulfillnont of the requircmcnts for the dogrco of Doctor
of Philosophy at Dukc Univcrsity, 1950,

#% preogont Addrosss High Altitudc Obscrvatory, University of

Colorsdo, Bouldcr, CGolorado,
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Introduction

In recent years a number of spectrosccplic studies in tkhe near
ultraviolet have teen publisned for the vapor phase of simple aro= .
matic molecules consistirg of a benzene ring with single and multie
Ple substitutions of atoms or simple groups for an H atom in the
ring, A logical further step has teen %0 study spectroscopically
the effect of a substituent in the carbon ring itself, as in pyridine
(C5H5N)’ and also to compare the effects of a given substituent re=
placing an H atom in benzene and in pyridine.

The analysis of the near ultraviolet ebsorption spectrum of
pyridire was undertaken by Eenri and Angenot in 19351, and later by
Sponer and Stdcklen.2’” Ia the latter publications it was essumed that
the excitation in pyridiane is caused by the 2pm electrons of the
ring as in benzene, The treatment leads to an electronic level of
symnetry type B; as first excited singlet in pyridine, The molecule
itself belongs to symmetry group Cav. These analyses were not en—
tirely satisfactory. It was acped that a study of sircple pyridine
derivatives would yleld information which would also te of signifi-
cance in the analysis of pyridine, The picolines (methyl-pyricines
C5HuN.G83) were chosen for the present study, Ap»arently no data
on thelr ultraviolet avsorption spectra in the vapor phase hal been
vpuolished since some early exploratory studies,u's when this research

1. V. Hoanrl and P, Angenot, Compt. Rend, 200, 1032 (1935;1ibid, 201
895 {1935); J. ehim, ph&s. 33, 041 (1¢36), %% !

2. H, Sponer, Rev, lod. Phys, 16, 224 (19L4),
3, H, Sporer ard H, Stécklez, J, Chem, Phys. 1i, 101 (19%8).

4, F, Baker and E.C.C. Boly, J, Chem, SBoc, 91, 1122 (1907); J. E.
Purvis, J, Chen, Soc. 95, 294 i1909¥1b1d 97, %92 (1910); E.Herrmann,
Zelts, f. wiss, Phot, 18, 253 (1919), .

5. We are indebted to Drs., J, Duchesne and L.d'Or for such data for o~
figgline, from the Ph,D, Gissertation of P, Angenot at Liege in

936,
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was carried out, A preliminary report on our experimental findings
was publiahed,6 It was learned that at the same time the near ultra=
violet absorption speotrum of pyridine was belng reinvestigated at
N.I.,T. with large dispersion togeihcr with a study of the correspond;
ing absorption in completely deuterated pyridinq.7 Recently Heringtog,
in a paper on the use of the electronic spectra of pyridine homologues
for quantitative analysis, has rcported a number of absorption bands
in the vapors of ull three picolines, he heas also varen the spectra
in non=polar and polar soclutions, Similar reasurements had been
carried out in this 1aboratory.9 Abscrption curves of a-plcoline

in isooctane may also be found in the catalog of Ultraviolet Spectro-

grams.lo Raman cné infrared frequency values for @~ ond f-picolines
heve been well established by Jatker,ll Manzoni-Ansidei,12 Kohlrausch
and coworkere,13 Lecomte,lg and otaers, On tne spectrum of v 4 picoline
apparently the only pudblisked Anforrationld in trie region is a curve
of absorption in the reglon 800. - 2000 om™1,

6, H. Sponer and ., H, Rush,J, Chem, Phys, 17, 587 (1949),

7. Betty Jane Fax, Ph.D. Thesis, M,I,T. (1950),

8, E, F, G, Herington, Discuss, Far, Soc. 9, 26 (1950),

9. Harold P. Stepheson, Phys. Rev, 76, 199A (19149); 83, 246A (1951),

10, Am, Petroleun Institute Research Projcct 44 at the llatonal Bureau
of Standards, Catalog of Ultraviolet 8pectrograas, Scrinl nr. 213,
2-metnyl-pyridine, contributed by Mellon Institute,

11. 8 K.x. Jatbm’, Ir‘d. J. Pws. 10 23 (1930).
12, R, Hanzoni-ﬁreidei Boll, 8ci, Fac. chim, industr., Bologna 1, 137,

184 (19%0).
13, E, Herz, L, Kchovec ard K.¥,F, Xohlrausch, J, paysiic, chem., B53,

124 (19f"3 1.
14, ?i9%§§°mt°’ Compt, Rend, 207, 395 (1938); J, Phys., et Rad, 9, 512

15, R, B, Barnes, R, C, Oore, U, Liddell ard V, Z, Williams, Infrarod
Spectroscopy, Reinhold Puolishing Corp., New York 194&, p. %
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Experinental Procedures,

Somples of @-piooline 59.,85% pure (b.p 129,44°C) and B-picoline
99% pure (b.p of fraction 143,0 to 143.5°C) were supplied by Dr.

Js Jo MoGovern of the Mellon Institute of Pitteburgh., Tho 4 ~plooline
was from a lot purified (b.p. of fraction 144,5 to 145,0°C) by Dr. Je

C. 8hivers of the Departaent of Chenistry of Duke University, and re~

distilled by us.

Soms prelininary studies on the medium Hilger quartz priumwgpectro4
greph were node using three snort fused quartz cells, MHost of the
final mcasurements of the long-wavelength portion of cach spectrum
were made from plates taken in the first order of & 3r grating spectro-
graph, In this latter serics & single 75 cm quartz cell was used,
Each cell was provided wit: & reservol® tube for toliing the substance,

The spectra were obtained in dependence of tiae vopor pressures
of the substances by ®arrying th:ec temperature of thc substance in the
cell rescrvoir, Thls procedure of course, has the disadventage that
changes in concentration nccessarily involve ciaenges in the degree of
thermal excitetion of vibrational levels 1n the ground stote of the
molécule, since the cell temperesturc must equal or cxcced that of the
reservolr to prevent condensatlon in the cell, But the effects of
pressure changes and excitation changes can usually be discntangled
to some extent, particulorly wien plates taken with cells of differ—
ent lengths are compesred, Tercperature control was effected by using
tvo eeparate electrical ovens for the absorption tube and the
reservolr arm, the latter alweys deing 2 to 5 degrees cooler than
any other part of the cell, In working belovw room temperature, the
cell was customarily left at room temperature while the reservoir

was immersed in suitadble coolents in a asmall Dewar flagk,

e —_— e e e m—
& E . - u&&‘:'&.‘”:};} ,-o -~ 2
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The pressures correcsvording to the various ocll temperatuves
were evaluated from the data on pyridine and picoline vapor pressures
alresdy in the literature, The vepor pressures of @—picoline were ob—
. tainod from & plot of Riley and Bailcy'sls values, which extended
down only to 6 mm (16°C)., The vapor pressurc of B~picoline and
4 =picoline was determined at 0° and 20°C by Brown and Barbaras,l?
Extenslon to Jower and highor velues was obtained by D#hring's rule
from the normal boiling points of these compounds and from the vapor
pressure data on pyridine given by van der Meulen and Mann.18 For
low pressures below 1 nm new data were used, obtaineal? on all three

picolines in this laboratory,

The optlcal arrangement was of the conventional type, A low-
voltage d.c, hydrogen discharge lamp, watcrcoolel, was used with the
Hilger instrument, ond o high voltage larp (0,7 Amp, at 2200 volts)
with the grating spectrogrsph, 4 Corning *red purple Corex A' Nr,

- 9863 filter, passing the rezion 2400 to 4000 i, was put in front of
the source in most exposures, Iron lines were used as the comparison
spectrun, Exposure times on the Hilger instrucent were about one
ninute while they rangod on the greting spectrogrsph from 20 minutes
to 2 hours,

It was found that the spectra consist of a long-wavelength porQ

tion of low intensity cxhibiting marrow, headless bands and a shorte
wevelength portion of higher intensity with broad, diffuse bands and
with a steep ebsorption gradient in the reglon where the portions

16, ¥, Tzlniley end E, Co Balley, Proc, Roy. Soc, Irish Acad, 38B,

929). .
17, H. C. Brown and G. K, Barbaras, 5. Am, Chem, 8oc, 69, 1137 (1947),

18, f.9§i)van der Meulen ané R, F, Mann, J, Aa, Chez, Boc, 53, U51
1
19, E. R, Hopke and G, W, Bears, &, Chen, Phys. 19, 1345 (1951),
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overlap, Kastman 1I1-0 emulslon wae found to be best suited for most
of the piocdkline research.
The narrow bands of the long-wavelength region exhidit no olear—
out band heads, but are like the narfow, diffuse=edged bands of
pyridine,. It seemed therefore most practicedle to measure to the -
most intense region of the band, recognizing that the relation of
this setting to the true rotationless froquenoy of the dband rmust be i
uncertain and probably variable.‘ Uncertainties in the resulting -
values range up to 10 wévenumbera,
The bands of the ahortéwavlenéth region are so diffuse that it
was found best to measure them on photographic prints of the Hilger
prism spectrograms cnlarged about 5 times, 8ince the frequency d1g-
persion of the prism 1s nearly linear in the region concerned, uncer-—

tainties in locating the diffuse bands were within 10 to 100 cm*l;
Experinental Results,

As mentioned before, the relative intensities in the long wave=—
length and short wavelength parts of the spectrum which we call
regions I and II, differ markedly. Reglon I with its narrow pyridine—
like bands oocurs at about 2900 - 2700 A, Reglon II occurs at about
2700 - 2400 & and 1te 41ffuse broad bands resemble the spectra of
some substituted benzencs, No attempt was nade to determine intonsi-
ties quantitatively, It 1s possible, however, to obtain a rough
estimate of the relative intensities of the two regions by observing

at what temperature eacn spectrum first appears in a cell of given

length, For this purpose the expreaaign for the extinction co=
efficient was combined with the approximetely valid assumption that
the 1deal gas law holds for the vapor, Adjusting then the con=
ditions of pressure, tenperature, and length of light path for the

2 -
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two absorption regilons so, that they exhibit the same absorption in-
tamsity, an expression was obtained from which their relative ab=
sorption noy be roughly estimated. The intensity so obtalned showed
- - that the I spectra of the picolines are of the same order of inten=
sity and that the II spectra diminish in intenslity going from a=
over %o 41:5.0011:16. This 18 in agreenent with recent research®® in
which separate £ values for the two regions were obtained from so=
' lution spectra,
The aspearance of the I spectra may be seen from Fige 1-3 which
ara agsembled froa sections of the respective spectra taken under

various conditions, Spectrograms of the Il spectra are reproduced in

Fig. 4, The diffuse bands of the II spectra occur in three najor
groups of bands, of whlcih tne middle group is strongest, These
groups heve neariy the same position in the spectra of a- and B;
: picoline, with their maxima at sbout 38600 and 38400 cm L respective~
. ly. The band groups are not clearly differentiated in the vapor of
4 =picoline; but the maximm 1s saifted to about 39300 m';l, and in
solution taree distinct peaks appear at nearly the same positions as
thoee in pyridine solution,
The observationel data for the picoline spectra are listed in
Tables I — VI, Each table includes in the firet colunn the wave=—
length, measured to the most intense part of the band, in the second
colurn the wevenunmber and in the third colunn the separation of ecch
band from the assured 0,0 band, Column four contalns vigual esti—

metes of relativeo intensities, It is divided into two sub-columne
giving intensity cstimates under conditions stated in these columnse
Notations used are: vw 4»very weak, W -~ weak, nw = medium werk, ne-
mediun strong, s = strong, vs -~ very strong, 4 - diffuse, r =

apparantly degraded to the red. The last colunn gives assigmnents

20, H. P. 8tephenson, Ph.D. Thesls, Duke University, 1952,
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of conmponent vibraticnal frequencios of cach band, by neans of analy-
sls %0 be detalled lator, ( ) indicates a froquoncy which is itself
unassigned, ? indicates o doubiful assignment,

This column arrangcnent 1s ncdificd slightly to allow for only
one colunn of intensity cestinates in Tables IV = VI and for alternate.
assignnents in Table V,

In Table I, the starred wovenumbers arc taken fron tho reosults
obtained for a~picoline by Henrli and Angenot.5 Only thosc velues
are included which do nct appear to be duplicated by any value dorie

ved from the prescnt research,

Discussion cnd Anclysls of tho Spectra
General ronarks on the clectronic lcvels.
In dlscussing the picoline spectra it 1is logicnl to conpare then

with the spectrum of pyridine, Just as the spectra of substituted
benzenes have been compared to thot of benzene, The first elootro=
nic transition in benzeno, of type lAlg - lbau and forbidden, bocomes
an ‘1 = B, and rllowed 1n sinple nonosubstituted bcnzcnes, when the
Dgn synnotry of benzsnc is rcduced to thc group Cpy upon sudstitution,
Thc sonc type transition, &) — By, would apply to pyridino if the first
cxciteticn wcroicausod by thc 2pm clcctrons of the ring as in benzone,
as: nontioncd in tho Int’oduction; Now tho pyridinc spoctrun with 1its
narrow, linc-likc bands distributod rather ovonly in the spootrun and
not in groups, docs not rosonmblc thc bonzono spoctrun nor that of a
subatitutod benzcno as has beon renarkcd previously (for cxamplc rof,
3.)e Whilc the J%ic-liko bands which become diffusc toward shorter
wévclcngths arc finally subncrged in a strong continuous beackground,
tho picolincs cxhibit two soparatc band systcns of distinotly diffore
ont pattorns and of diffcrent intonsitics ae dcscribed carlicr, Tho
picolinc spcotra taken in iso~octanc solution by Sthhonaon9 1h a
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Tabloc I, Absorption bands in transition I of ur;picolino.

A(A) vew') ¥¥ - Intcnsity Assignmont
L=
: eBs
p=140 mn
2977.2 33579 <1174 .
69.7 663 <1090  wwa O-2x545
0-1100
51l 872% ~ 851 0-E87

or 7 38

45,6 939 ~ 814 wwd wvwd 0-813
LR 953% ~ 800 0-800
t=l00C
p=2({ on
29.5 34125 ~628) w owr 0628
28,8 134 -619) ww
22.5 207 -546) 1 s o-5k5
21.8 215 ~538) w w
19.3 245 - 508 v O+120~628
. 0+207-2x358
18,2 258 =~ U95 w
15.5 289 -~ 464 wl ned
06.1 4oo - 3532 wa. 0358
05,5 ho7 ~345) w
ol 1 420 ~333 wa O+207-545 7
1=25 on
eed
2899.2 kg2 ~2m oo m}ﬁ-ézg
96,3 517 - 236 el 0+120-358




Teblo I (continuod)

';\—Ei) % (on'{'_l ). W- 3-’0_0 Intonsdty Assignnmont
. g7 5% -217 wad
934 552 « 201 wa 0--20l
92,3 565 =~ 188 wi W 0-188 ?
88,2 613 - 1bo e W
864 635 -118 wad vw
A oy R
80.‘1 A1 - k2 wd vw o.L'Jq.g
L
_ p=8.0 on
76.6 753 0F ver ar 00
- 76.0 760 7) o
T2.4 goe 51
. 7°;1 832 79 z ow ow
69.5 839 86 ) v
69.1 gul 91 w
667 873 120  or W 0+120
65,3 903® 150 0+355-204
1900
p=l¢3 m
62.9 920 167 Vv
61.4 938 185 v —_ OH5lI-358
59.6 966 207 ns 04207
56.5 998¢ 2i5

55.8 35006 253
5540 016 263

idd

0+2x120

O+355~84
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Tablo I (oontinucd), e
ﬂ(:) ¥(am™2) V- yo-o Intonelty Assignmont
. 51;0 06'5 312  nd O+355-442
5.0 078 325 Erwd, 0+120+207
@91 089 336 v vwd O+5 44204
47,8 105 352 nd 0+355
t=00(¢ = -
P=2,1 nn
LL.5 146 393 vwd 0+207+54k4-358
ko,9 190 k437 vwd
3943 210 W57 wa o5 liliglt
36.1 250 k97 vwi 58 2v&it
32.3 297 5“*2 sr vs O+5it4
: 3.7 304 5%,) v
29.2 335 582 w e o482
) 26,8 365 612 vwd W O+355454l—8l-204 ¢
2“:-"‘ 395 642 w v
17.0 489 736 ndr nedr 0+736
12.9 sk 787 v 045824207
10,7 565 81 v O+355+5kl8l
07.1 614 861 v - O+E61 2
O+736+120 .
O+355+54i-4s2
03,8 656 903 w vw 0+3
0+952~-42

L

27 99.09 705 952 vvw 04952 2
95.7 756 1005 W v O+2x544-84




R

= -2
Tablo I (continucd),
‘7\(:) Y(om %) V- 90.0 Intcneity Assignnont
88,8 | 846 1093 nasy ns 0..736.;355
5 0+23%5

83.7 912% 1159
82,6 924 117 awd 0+1052+120 ¢

78.8 975 1222 wd
7&_78 36027 1274 nd 81-_3{;22‘;;358 ?
71.0 077 1324 vwd O+5824736
- 6746 122 1369 vwd
644 163 1Mo wl 0+355+2x5H-42 ?
61,7 199 1446 v 0+355+2x5 14
57.0 260 1507 w
=ty
p=te3 mm
54,3 296 1543 wWw wl
51,6 332 1579 wd  vwd
49.9 34 1601 vwd vl O+3x5Hi=di2
47.1 391 1638 owd  mwd O+3x5l
B8 461 1706 med e |
37.2 522 1769 md  owd

® Unpublishcd data of Honri and Angonot,
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Tablo II. Absorption bands in transition I of B=-picolino,
b——— s gt . e
A(a) Mom™l) V-¥, Intonsity Assignnont
- L=75 on
t=100°C
p=190 nn

3030.7 32986 <1698 W
26.0 33037 -1647 vwd
2994, 2 338 ~=1296 n

91,2 421 1263 Y 0=1263
89.7 438 1246 nw O-2xf 24
=75 cn
t=80°C
P=90 mm
8843 sl 1230 W v
85,8 Lge 1202 v W
) LR 498 1186 v
81.3 532 1152 w v O~11564 ¢
793 555 =1129 vl
6 4 «1110 nd 0~1099 2
it 2l o-logg-—axuo ?
t=70°C
Om
73.8 617 =-1067 v ow 0=1034--140
0-2x535
* 70.8 651 =1033
7 5 33) v oz0%%
70.4 656 -1028_) Vv vw
69.5 666 ~1018 v 0w
68,8 674 =1010 vw O=2x1490-40
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Tablo II (ocontinuod)
I(ZL V(cm;l) v‘%-o Intoneity Assignnont
65.2 TI5 - 969 v 0-2x490 ¢
63.6 733 =951 v
613 759 =925 vwd
60.2 772 =912 vwd
5940 785 - 899 vwd
5349 g4l - 840 W 0=800=40
52.8 856 - 828 ™
51.7 869 -~ &5 v
50.8 879 - 805 ww v 8:87201i~211l0
47.0 923 - 761 wd  vw O~T1U=l0 ¢
43,1 968 =~ T16 v o-T14
39.4 34010 ~ 674 \1d 0~2x338
t=4Q°C
p=16 mn
38.8 018 - 666 sy n 0666 .
0~624-440
37.9 028 =~ 656 w 0~535-3xH0
35,7 053 =63) oA W
34,6 066 ~ 6185 nsr ow o2
34,0 073 -~ 611 vw v 0~535~2x40
3362 082 =~ 602 w W
30,7 112 - 572 me v | %
27.6 147 «~537 med  vw 0-535
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Tablo II (continucd)
'A(K) M‘l) 4 'yo..o Intcnelity Assignnon%
26.4 161 - 523 nd nowd 0~Lig0-40
24,3 186 = 3983 vwd VW 090
2340 201 - 433 o W
20.0 237 ~ W47 vwd
18,5 254 « 430 wd 0-2x215
13.2 316 «~ 368 W
2.+ 326 - 358 w
10,1 353 - 33 vwd 0338
04,6 g «~ 266 nwd
03.1 436 w 24 vid O~215~40
0l.5 55 ~ 229 vwd
' o
2899,9 47% - 210 w n 0=-215
98.7 hgs ~ 196 v 0-198
98.1 495 - 149 W ow
97.2 608 -~ 178 v n
93.5 550 - 134 W w
92.5 - 562 -122} vwd owr
90.8 583 -~ 101 vwd
89.3 600 ~ &4 vwd owd 0-glt;0+131-215
87.5 622 - 62 oW
6.1 639 - U5 w v .
85.4 647 - 37} T 0-40;0+158-198
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Teblo II (continucd)
,.?&(OA) "'(Qfl) e Int_onsity i Agsignnont
! 84.8 655 =~ 29 ww
82,3 684} 0 va 0-0
8.3 697) 13 ns
80,8 702 18 nw 0+269-3x84
30,U 708 L w
79.8 n+ 3 w
T7.4 43 59 vwr
75.1 7L 87 vwd
t=0°C
p=l.l mn
367 788 104 owr W 0+269-2xBl 2
TS g5 131 vwd O+L31
69.3 g2 158 vwd 04158
67.5 864 180 wl  7wd 0+269-8l
61.1 91 257\( owd v
60,2 953 269) sr ne 0+269
57.6 98l 300 nd owd
54.8 35019 335 wd e
52,1 052 368 wa vwd
50,0 078 39k -
k2,3 093 ko9 wld v
46.7 128  huy W v
¥3.1 163 479) | .
42,1 175 wg]j vud O+545~65 ¢




Tablo II (continuod)

A (i) Y (om™l) Y~ Y-o Intonsity Assignnont
t=+10°C
p=0,6 mn

.5 183 499 v n o+199

4o,8 | 191 5073’ w ™ .

40,2 199 515) - W -

8.6 29 5% ow 0+2x269

37.8 229 545 owr  er

36;7 242 558 )‘ - O+54i5;0+580-h0

3%.9 264 5801 wi W 04580

341 275 591) w

33._12 286 602 w

30.9 314 630 vwd

28.6 343 659 v

26.4 371 687 oy

23.7 os 721 v

22,5 k2o 736 w

w2

17.2 486 82) o ve O+3x269

14,2 524 840 wd W

10,9 566 8&s2 v

09.1 588 9ok v O+2x1 80+45U5

oh4,7 64l 960 vwd v 04960 2

01.3 688 1001&“ W nw O+2x499 30+1004
2799.8 706 1012 ) iy Ov2x5U5-8h
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Tablo II (continuod)
AN Y(on D) V-¥ o  Intonsity . Assignnont
) 98.7 720 1036 v ow |

96,7 754 1070‘,; owd ns o+802+269

96,0 765 1031) w O+5U5+2x269

95.2 776 1092 vwd  vw O+2x545

92.9 79% 1110 vwid v

90.7 822 1138 wi W

85.2 893 1209 w

80,9 - 949 1265 owd ns O+8024545-8l ¢

79.2 © 97 1287 vl

76,0 36012 1328 wd wd 0+802+2x269

727 055 13n nwa v

68,2 114 143 vwd W

63.1 180 1496 va v 0+3x1499

59.7 225 1537 wir 0+802¢515+269-84 ¢

55.6 279 1595 el O+2x602

51.0- 340 1656 vl

6,0  hHos 1722 0+302¢2x5U5~2x8M 2
40,9 473 1789 Traneition II ?

32.5 585 1902
28,0 646 1962

iid
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Tablo IIl. 4Absorption bands in transition I of 4 -:-piconno.

a: = - & »
- AAa) ety VY-¥o  Intonsity Asoignront
=75 on
t=80°C
p=85 rm
2913.8 34310 <« 855 v
11.9 332 - 833 v
t=60°C
p=i2 on
09.1 365 - 800 v ow 0-800
07.9 3719 - 786 A4
06,1 400 - 765 v
) 28978 499 - 666 v
. 86.2 638 ~ 527 v
t=40°C
p=15 m
85.2 6 - war -
76.7 752 - W13 v o-413 ¢
7501 771 - }9“ v
73.1 806 -~ 359 v 0=359 2
6906 838 - 327 w
6702 867 L 298 w
65,2 82 ~273 v v 0~273.2
O+ 13 2
63.2 916 -2 v . '
60.3 951 - 2 w o=-214
. 57.0 992 =~ 173 w
T —— = e I e e ot g > = o - -
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Tablo III (continucd)
ﬂ Yiem™t) V-¥, Intonsity Assignnent
b o

51.8 35056 ~ 109 W wr 0~109
45.8 129 = 36 w
45.0 10 - 25 v
44,1 151 -~ 14 ow  ww
B ¥ O° ¢ o 0-0
41,1 188 23 vwd
38.8 216 51 vwd

o¢

6 m
36.7 242 77 w oW
35.9 252 87 W oww
314 308 143 vw o+1l43 ¢
2kl 395 230 W O+THI513 2
23.7 Lol 239 v owr 0+239
17.5  ke2 317 Vil O+7hl-2x21h 2
16.7 ug2 327 Vv
15.8 504 339 vl

t=20°C

.6 mn
15.1 513 348 vi v 0+461~109
14,1 535 370 v¥ v
08.4 598 U433 v 0+943-513 2
06,2 626 u61 md ns o+461
03.1 665 500 vl v

TNy e— = —p
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Tablo IIXI (ocontinucd)
ad) Weml) vy Intenaity Assignront
t=000
00.6 696 531 woow O+Thli~211 ¢
. O+531 ?
2798.2 726 561 vwd O+7ll=182 ¢
92.9 9% 629 4 O+TLk~109
8l,0 909 T4 wir ear o+744
78,3 982 817 v
68,6 36108  9u3 vwd O+943
65.2 153 988 vwd O+ 7444239
04988 ?
56.6 265 1100 O+744+461-109
0+1100
t2=-10°C
rows jain]
us, 5 372 1207 wir wad O+ T1H-HU61
n,2 470 1305 vwd O+2x7Hl=1 82
35.% 546 1381 vl ma&uu-'-mg
. | O+3xli61
27_.6 651 1u486 wd wnd O+2xT44
21,0 740 1574 vl
14,0 825 1669 wd wl
1=14 oo
t=10°C
p=2,2 On
09.6 917 1752 vl wed
02,6 37012 18U47 vl  wd O+2x7U4-+ 1161 ~1
oﬂa ? =2
2695.9 105 1940 W oW O+2xTHl+461

LT §
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Tablec III (ocontinucd)

N z) Va-l) Y- % - Intonsity Assignnent
8845 209 20k wd vl O+3x 7k 82
82,3 293 a8 wa v O+ 3x7Hl-109
T4o0 386 2221 wa v o+3x7hk
67.9 © U122 2307 I — OH5xU6L 2
62,0 554+ 2389 wd

504 719 2554 vwd _

4o.8 © 856 2691 wvd O+ 3xTihE1
34,6 g6 2781 wd
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Tablc IV, JAbsorption bonds in traneition II of a~picolino,

- . et

A (Z) Vieal) vy Intcnsity Assigrment
L= cn
N t = .-159%
h - p=0,7 mn
2669 3750 ~170 T oww
| 64 530 ~ 90 v
| : 57 620 0 ow - 0 -0
14 38250 ¢ 630 n _
2601 430 7 a1o s 0 + 810
91 580 960 ve 0 + 960
50 39200 1580 8 0+ 2 x &0
253 500 1880 6 0+ 2 x 960
2493 40100 ? 2480 ow MMO L 3




Table Vs
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Absorption bands of transition II in a-&)icolino.

'A_(X) Y(on ) Intcnsity vV,

Assgignocent

= i’o -7 Assignment

2711

W
e

36475
585
645
745
800

935
995
37100

970

1=10 cn

$=50¢

p=1,6 mn
w -9C5
v -795
w =735
mw <635
nw ~580
ne ~hls

385
-280

ns =190
8 o
ns 160
n 390
ns 600
'uv 710
8 800
ve 9lio
ve 1020
n 1160
nw 1380
o 1590

Transition I ?
Transition I ¢
Transition I ¢

Transition I ?
0-3x190

O-d445 ¢
0--2x190

0=190
0~0
.
0+(390)
0+600
0+710

0+800
0+1020-190

o+940
0+1020

0+160+1020
604940

o+l
o+ {30} 020

0+600+1.020

o!
110
170
270
325

1295
1505
1615

1705

1845
1925
2065

2285

2495

0-0?

O%+170
0t+460«190

0%+460

d+170+460

o%+2xti60

08 +460+1020~190
0% +460+1020

034+460+2x1020-190

084+460+2x1020
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Tablc V. (oontinucd),

?«(3) ?(cn"l) Intonsity v'g-onsaigmont Y -¥ _o* Assignmont

51 39190 ns 1810 O+800+1020 - 27115
O+2x1020-190

43 70 . 8 1930 O+2x940 ¢ 2835
0+940+1020

28 540 n 2160 0+160+2x1020 3065
% 760 n 2380 o+890 +2x940 3285 O+lU60+3x1020=190
o+( 350

+2x1020
]
02 960 n 2580 0+600+2x940 3485  0+60+3x1020
0+600+2x1020
X -
+
3
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Tablc VI, Absorption bonde of transition II in 2 =picolino,

A (OA) ¥ (e 1) \J-%_o Intonsity Assignncent
} 216"
P = 2,25 mn
2616 38220 ~100 ow
2609 320 0 n 0=0 ?
92 570 250 n
69 920 600 ns 04600
g 39240 920 8 04920
% 31 500 1180 s 0+1180 ; 0+2x600
2512 800 1480 ne 0+600+920
¥ 92 - 40120 1800 ne 0423920
h 410 2090 n g:sgggo
n

30 41140 2 2820
247 " 360 ? 3040 ow 0+2x920+1180 ?
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Bocknan gpcotrophotonotor in this loboratory do not show tho two ab-
= sorption rogions soparated as in the vapor., Ho found howover, that
the tall cnd of tho absorption on tho long wavolongth sido 'disappcars"
in othanol solutions of thc picolincs and also pyridinc, (scc also
rcf. 8). Thesc obsorvations in eolution spcotra and tho fact that two
absorption rogions of diffcront charactcer ococur in tho picolinc vapor
gpocotra suggcst the cxistcnoo of two olosc=lying lcvels clso in pyTi=
dino. xasha,afron rcscarch on halogonatcd pyridincs and on pyridino
in condonscd gsystcms has also conc to this oconoclusion, 4 re~cxapino-
tion of Sponor and Std@cklonts platcs confirms tho possibility .of two
lovcls and a rough cstinatc would placo tho boginning of tho socond
transition around 38350 cm™l,
It is cobvious from thecso findings that the interprotation of tho
plcolino spoctre must follow, in gonoral, tho sano pcttern as that of
tho pyridinoc spcctra, This ncocseitatos rooconsidcring the prcvious
intorprotation of sharp pyridinc bands as Alv-Bl tronsition, It has
boon suggostoed by Kasha?l that cxcitation of an sp2 olcctron of tho
nitrogon aton into the first unfillcd w orbital of tho pyridinc ring
oousos tho oocurronco of systan I. (n—m transition) It is thon logi=
cal to aseign thc diffusc bands to type II in tho picolinosto tho
4,-B; transition (7= transition) rosulting from thc 2pm olcotrons of
tho ring. 8Sinco tho sp26 orbitale arc symmotric to tho molocular
plano, tho corrcsponding singlc olcctron lovcls arc of typo a; and by,
Eicitation of an ap oloctron into tho two lowost ompty w orbitals of
- synnotry typos by and as givos nmolocular lovols By and A2 as lowost
oxcitod singlot statos, This ordor 1is obtaincd by using tho simplost
molocular orbital calculation for tho w clcctron orbitals noglooting

2. X Knsba, Disouss, Far. S0c, 9, 1% (1950).
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overlap and elootronic ropulsion??, In Kagha's echomc of lovols the

A, 18 tho lowoet oxoitod einglot stato of pyridino; then follow tho

By and the By which 1s tho upper stato of tho II spcotra., An &=B,
transition 1s allowed with a transition nomont perpondicular to tho
molocular plano, Wo shall escc lator that tho analysis suggosts an
dérdar of tho &, and B, lovols in agrocment with tho simplo calcula-
tions, This nay bo takon as an indicaticn that inolusion of nofino{- .
monts in thc calculation of tho w orbitsls will not roversc tho ordor
givon by tho orudo troatpont,

It ehould bo addcd that tho lovel notation usod horc applics
striotly te pyridine only, ond to ¢ -picolino if tho CHy group 1s ro=
gardod as cno atome a~Ploolinc and B-plooilno bolong, ovon if tho
033 groups arc takon as cho-aton substituticns, to group 08.' Tho
gynnotry olasscs Al and B1 cf group cav go oveor into tho class Af.
for ca, and tho two transiticns involving tho epa clcctrons bocomo
AV=A" transitions with tho monont perpendicular to tho molocular
plano, Tho apposranoo of the cloctronic spectra and a conparison of
the different Ronan gpectres indicate that a—picoline and g-picoline
al eo confornm spectroscopiceally to cav syuneiry to a rather fair
approximation,

"Traneition II in the Regilon 2600 i.

From the description (diffuseness and position) given before, the
II spectra of the four compounds appear to fall into two groups corres—
ponding to their different syrmetries; pyridine and 7{-910011:10 (Cop)s
and a~ and B~picoline (Cg),
@ ~ Picoline, Estimated band positions in spectrun II of @ - plcoline

are 11sted in Table IV. This spectrum i1s so diffuse (Fig. ) that no
Andividunl bands cpn be distinguished clearly except the three in the

22, Gertrud P, Nordhein and H, Sponer, 7. Chem, Phys, 20, 285 (1952).
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first group, *The separation of the order of 1000 omél between the
maxima of successive groups correspond presumably to progressions of
the analogue of the totally symmotric ocarbon ring vidbration in ben—
zone, The strongest bond of the first group, at 37620 cm'l, is token
as the 0«0 band, Another symnmetric ring vibration is probably rcpro4
sented in the seprration 310, The bands on the long wnvelength side of
the 0-0 band nust oorrcapond'to 1-1 transitions of low-lying vibra-
tions,

B =~ Picolino, The only transition II spectrum whose band structure

is sufficiently discrete to pernit of any detcilcd annlysis is that
of B~picolinec (Fig., 4, Todle V). Even in this case the interpro—
tation 18 not satisfactory. If the strongcst band in the first group,
at 37380 cnfl, be designated OFO, nost of the strong bands can be
accounted for by progressions of frequcncies of nbout 40 o~nd 1020
a1l superimposed upon the 0-O transition and upon the following vi-
brational frequencics in thc excited state: 160, 390, 600, 8§00 em™1,
The 940 and 1020 probably correspond to thc strongly polarized Raman
frequenclos 993 and 1034 cn;l in the ground statec which quite likely
represent synnetric carbon ring vidbrations, If the first band on the
long wavelength side of the O~0 band at 37190 co™l, 1s interpreted as
arising from the vibdbration of approxinntely 190 cm;l (Ranon value
198), then the 160 cm™! difforcnce may correspond to the same vie

bration in the excitod state, This would place the 1-1 transition of
this vibration about 30 cm~l to the red from the nain bands, 8ince
the widths of most bends are of the order 30 = 60 co~l, it is quite
possible that these 1-~1 trcnsitions contridbute at lecst partially

to the Wroodnoss of the bands,

The O + 600 on™l difference (band 37980) has about the some in—
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tensity as the 0~0 band, nnd has a breadth and unifoimity of in-
tensity which suggestc that 1t nay consist of two closc~1ying bands,
The band nay correspond in tho upper stato to the 62U o™ 1ovel obe
served in the Ranan spcotrun, but this possibility nust be regarded as
uncertain, It is vory probable that the Raman lincs 624 and 535 co'¥
corrospond to tho degoncrate €1z 606 oarbon vibration in benzeno, and
one would expect that if one componcnt appoared in tho excited stato
of B ~ pilocoline the othor would appear also, But the 390 co~l diffor—
cnco scens too low to be corrclated with 535 in the gound state,

Tho 800 oxn';l diffcrence (band 38180) moay be attributed to o ring
vibration in the upper state in which the substituent i1s strongly
participating, An alternative explnnation is possible as o supox*-;
position and given in Tablo V,

Perhaps the greantest objection to the foregoing interpretation
is that 1t offcrs no oxplanction of the prominent bands at 3647S
and 36935 on"l, If instoad of 37380 the band at 36935 co™) 1s itsclf
tokxeon as the 0~0 band, most of the systom can boe accounted for by
progrossions of about S40 and 1020 cm™l superinposod upon the fre—
quoncies: W45, 605, 835, 1045 co™, The band at 37380 becomes
0 + W45, This frequoncy may then represont tho vibraticn which has
the Reman value 535 co™l, The foct that its intonsity is romarkedly
groater than that of the 0~0 band nay reesult from the Franck-Condon
principle, In that cnse, howover, a progression of one, two, and posei-;
bly threo times 445 would be cxpected, whereas only the single 445 oml
difference appoars. 605 il nay bo recasonably identified with the 624
vibration in the lower state, in thc sanc manner as before, The 255 cm™2
aifference agroes with U445 = 190, The analogue of the 190 cm™t vie
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bration in the upper state 18 possibly ropresonted by the 165 om™
difference (band 37100), It is very difficult to account for the
differences of 835 (band 37770) and 1045 (band 37980). Altogether,
the first interpretation ~ tnking the 0<0 band at 37380 on™t
soens preferable,

8%111 another interesting poesibility remains, Aocording to
Kashaa two overlopping electronic transitions ococur in pyridine and
its monohalogenated derivatives very close together in the region of
2600 £, Thie view is basoed on the aseunption that the 4,-8, tron-
sition (Kashals scheme) occurs only slightly below the bonsene-like
& - Be transition discusscd here. Ho evidonce of a socond transi-
tion in this region was found in the spectrum of a—-picoline, Its
occurrence cannot be rulod out, however, in f-plcoline, Caroful oxami-
nation of this spoctrum in plotes and onlarged prints reveals that the
band at 36475 cm';'1 docs not look like the bands of trrnaition I, while
certain weak bandg at shorter wavelengths —-o,g., thosc at 36585,
36745, and 36800 on~l— do rescmble the bonds of spectrun I, The band
at 36475 actunlly roscublcs that at 36935 om™l, oxcopt that it is
weakor, -

If it 1s assuncd that 36475 1s the 0-O* band of a sccond cloc~
tronic transitior, the proninont band at 36935 cm™l then becomes
O' + 460 co~! and nay bo corraloted with the 535 co™) vibration in the
lowor stato. This vibration, with the lower-statc vibration of 190 cm™t
and an uppcr-gtate vibration of about 1020 cn"l, accounts for severrl
bands which arc not included in the schome based on ¢ 0=0 dand at
37380 qn'l, and duplicatcs sonc which tiro.(Tnblo V). Boocruso of acci~
dentnl nerr coincidenco batwoen the two preposod systcons and the
diffusences of the bands, it 1s not possiblc to propose the cxistonce
of two transitions in the II rcogion with ontire confi@ence, clthough
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it 1s oconsidered quito likely,

It should porbaps 50 nent—ionod that the band at 36475 odn be
related to the 0=0 band at 37380 by tho assignment 0-190~714 on™1,
No weight ‘1s placed on this interprotatien, h.c;vevor, and no similar
interpretation of the dband at 36935 is possible,

It socns desirable ®© ernphasizo agnin that the analysis of the
bands in rogion 1l in B-plocline suggested here is nececssarily
tontative, It hns boen nontioned in some detall becnuse it is in=-
portant to castablish definite proef whother two supcrinpescd tran-
gitions coccur in region II or net, We shall come back to this
question after tho analysis of transition I hns been tcken up,
_;-010011110. The bancs of transitiocn II in 7’-picoline are so few
and so diffuse that a systenatic analysis of then does not carry
puch weight, It is bolicved that probably the bond at 38320 ca~1
is the 0=0 band, With this assunption the assignnent scheme in

oy &Y :

Tablo VI nay bo cbtalncd as a possidble one, This interprotaticn, :
like tho intensity considorations nenticned earlier in this section,
1ndi:c-ates a narked shift of tho 3’ ~picolino II spectrun to the
viclot as conmparod with @ and f-~picoline, This shift, and the 3
lowar intonsity of the ?’-'-p:.conno II spectrun arc contrary to ,
the usual characteristics of parc—substituted dbenzencs, ¥o shall
conc back to it in a lator scctien,

Becaugo of the Ciffuscness of the I ~picoline spectrun in both
transitions I and II, it is inposeiblo to judgo whothor a secend

eloctronic transition ocours in tho short wavelength II rogion,
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Transition I in the Reglon 2800 1.

In considering tho analyees of thc I spootra it wlll be rooale
led that thcso spootra arc oxpected to arisc from the excitotion
of an spa clootron localizod on tho nitrcgon into the first non-—
bonding m ring orbital, On tho besis of this theory the I spoctra
ropreaonf oithor a forbidden A —d, transition or an allowed A B,
transition with o rmomont perpondicular to the molecular plane,
Consequently, thec analysecs of the spoctra should load to a decision
betweon those possibilitics,

Bofore going into detalls, it will be mentioned that nothing
couléd be found in thec structure of thesc spectra that would sug-
gest a forbidden transition, Theo dotallcd analyscs will dbo found
rother to provide support for tho assumption of an 4,=B, tronsition,
The fact thot the I gpectra are cllowed and yet ore of markedly
lower intensity than tho II spoctra is noi:evorthy; A transition de-
ponding upon a perpenticulcexr nomcnt will be weak becruse the overs=
lapping of the m ring orbitsl and the localized 6 orbital is
emall, | |

The charactoristic narrowncss of the bands in the I spectra may
aleo bo rolated to an A -B, tronsition. In benzono, vhose rotatio-
nal lovels nay be trecated as thosedf n synnotric top, 211 strong
bands should be perpendiculzr bands?) (change of clectric nonent 4
to tho figuroc axis,) In pyridine and in 7 —Picoline the figure
axis 1lies in the nolccular plone anc goes through the N aton and
tho para cardbon aton, The transition rconent, being perpendicular

23, nar, G, Hordhein, A, L. Sx1 ¢ E, Tell ‘ .
3 %%&x{é”;‘ A, ar an cller, J. CheWe.Phys

| TR -
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t0~$ho moleculer rlane, 1s perrzondiowlar %o tho figure axis as
in benzonc, Bands involving symnotric vidbrations should then be
pcrpendicular bands, Howevor, if ono consicdors, in good approxie
nation, pyridine as a symaetric top like bonzono3, tho z axis moy be
takon as tho figurc oxis ond the principel monent of inortia is the
onc about this axias, Bands involving symmetric vibrations booome
parallel bands in this treatnent whercas thoy are porpondicular bands
in bonzonc, Tho difforonce stens, of courso, fron the Aifforont ori-
gin of the two spoctra, onc having a transition nonont perpondicular
and the othor paraillol to the nolcoular planc, Tho parallel‘bands
of o symmotric top moloculo in the infrarcd havoaﬁlnplcr oppoaranco
then tho porpondicular bands, Thoy have extrencly narrow intonso
qQQ branches, Littlo is known about thelr structuro in cloctronic
‘bands of polyatomic rolocules, but in thc case of the strong bonzenc 3
* bands (thoorotically porpondicular) it was notodau that the rolation
betwoen the variation in spacing of tho rotational lines and the
change in moncnts of incrtia would be the sanc if the bands wero

interprotod as parallel bands, In tho discussion of thec pyridino
spoctrun? 1t was pointod out that if tho moncnts of inortia stoy
vory noarly tho sano in tho uppar mnd lowor statos of the trane
sition, tho qQ branch will be intonse and narrow, whilc the P and
R branchos nay oxtond so for to cach side that thoeir intonsitios
doclino to nogligible valuos boforc a hoad is rocached, Thir latter
cffect, occurring in suitsblo degrocs, could account for the

- shading and fuzzincss at the odgos of post bands, If tho trom=

sition momont ic porpendicular to the molocular planc as 1s roqui-

24, A, Turkovich and U, Frod, Rev, Mod, Phys., 14, 246 (1942),




~35~-
Tod in an Aj=B, transition, the symnotry of tho charge distribution
in tho planc will not have changed, although tho cloctronic wave=
function of tho oxoitcd stote will be somowhat oxtondod; Nocarly
cqual noments of inortia in the two clcotronic states will roquire
that the potentinl ninina of bands involving symmetrical vibrations
aro opproximatoly above onc ancther, Equcl cquilibrium positions
in tho combining statos is alwnys most probablc for non=totally
synnotric vibrntions;

Assuning an Al-Ba traneitibn as a working hypothesis, cone
might cxpcot in tho I spcctra foew and rcletively short progrossions
of totally synnetric vibrdtione. Furthernore, singly cxcitod c,
an& Bo vibrations in pyricino and 7 ~picoclinc, which produco vi-
braticnal momonts in the planc of the ring, should cppoar with ine—
tensities comparable to thosc of the @) allowod vibrations which
acconmpany the weak purc clectronic transition in tho z diroction,
But singly excited 51 vibrations, promincnt in ‘1;81 tranlttions,
sbhould -bo oxnlndod;. In ¢~ and f-picoline, however, the reducticn
of Coy symnotry to 08 produccs allowed eloctronic transitions only.

It will bo noted as tho andlyscs are dovcloped that the I spoce
tra of a~ and 5Qpicolino, particularly tho formor, rcsonblc that
of pyridino, whilc tho spcctrun of zr ~picolinc 1s sinilor in sonc
rcspects to that of tolueno.25

;-ziconno. The analysis of tho j ~picolinc I spectrun is taken
up first, beccauso it is theo locst cooplox and offcrs a bottor

25, N, Ginsburg, ¥, ¥. Robortson snd F, A, Matsen, J. Chaa. Phys,
14, §he)s

511 (1
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opportunity for unambiglous interpretation than do the less symme-
tric G- and Bepicolines, It is unfortunate that no Raman data
are avallable for 7 «picoline, The cobserved spectrum is, however,
sufficiently simple that 1t 1s relatively easy toc isolate a few
fundamental frequencles upon which an internally consisteat ana-
lysis can be developed,

The strong doublet at 35165 em™t

is taken as the 0-0 band,
The basic pattern of the 17 -picoline I gpectrum is a series of
dispersed groups; each of theae consists of three prominent fre-
quencies superimposed upon a progression of Tu4 cm‘l. The lower
state of this vibration appears in the band at 800 cm™L, The
corresponding frequencies in toluene are 751 and 785, and in para=

xylene they are 775 in the upper stat926

and 829 in the lower state,
Although the precise nature of these frequencies is not certain,
they do involve a strong participation of the substituent in the
motion by either lowering the value of the benzene "breathing® vi-
bration?! or by ectually representing the -C—G-(H3) valence vi-

bration.a8 4 alight proference is given here to the first alterna-
tive. The three observed bands of the 744 progression are strong
and diffusc, and are degraded to the red similarly to the bands in
the spectra of substituted benzenes. Observation of higher members
is rendered impossible because of the increasing intensity of the
continuous background, Tae 744 bands form the only progression that

26, C. D, Cooper and M,L.N, BSastri, J. Chem, Phys, 20, 607 (1952),
27. K. 8, Pitzer and D, W, Scott, J, Am, Chem, Boc. 65, 803 (1943),

8. K, ¥, F, Kohl h and Associates, Monatsh, Chem, 72, 268 (1 :
7h, 175°(1942); 76, 200 (1967, " 72, 268 (1939)
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ocould be established with certainty, This fact and the diffuse que~
11ty of the bands indicate that during the transition a alight
chango takes place of the internuclear distances involved in this
vibrational mode.

The 239 an™* frequency 1s ascribed tentatively to either an
G5 or Bo carbon vibration., The corresponding froquency in the
lower state ie uncertain, _

The 461-513 om~L palr is considérod as the @, component resul=
ting from the EYg 606 carbon vibration in benzene. Both values
agree closely with those in toluene as might be expected for the
vibrational mode concerned., The U461 frequency occurs suporimposed
ui)on the 0-0 frequency and upon each member of the TU4 progression;
but it is not cortain that it forms itself a progression,

The B, component derived from the £¥g 606 benzene vibration
is nissing from the I spectrun of 7-910011110. A weak band at
0+ 531 cn~l nay possibly represent it in the upper statc, but the
low intensity of this band and the absence of the corresponding
vibration from the lower stato indicate that, if any representation
of the f; vibrz-ttion is prosent at all, it cust arise fron a very
woak nonent, This finding 1s in accord with the hypothesis of an
Al-Ba transition, The presence of the 653 group nay ocuouse a
sufficient deviation fron cav synnetry to permit such a weak tran—
sition of an otherwise forbidden vibration,

The third frequency which is found superinposod upon the
744 o2l terms 1s a Aifferonce of 109 oo™l which 1s taken to be
a8 1-1 transition of a vibration which is not identified explicitly,
The 109 difference frequency is also found in combinsation with the
00 transition and with the 461 frequency,
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The frequencies which have been mentioned account fof nearly
all of the more prominent features of the speotrun, Of the numerous
weak bands remaining, several probably represent fundenental fre-
quencies; but the assignments are made chigfly by analogy, and lack
supporting oombinations. ' .

The band at ~ 214 on™ probably corresponds to the 204 and
198 - 208 cn™l Raman froquencies in @~ and B-picoline, and should
appear in the Raman spoctrun of 2’~p1collne. The band at 143 oo™
18 a likely upper—state analogue,

Weak bands at O + 943 and O + 988 on~1 probably represent &
carbon vibrations. The band at O + 1100 oo™l possibly includes the
O=l term of a fundamental frequency superinposed uron the known
combinction T4 + 461 ~ 109 cm;l. The 1100 frequency agrees closely
with sinilar frequencies in a- and f~picoline,

Beveral nore uncertain assignmente nave a question cark in
Table III,

It should bo mentioned that the 0-O and the O = 513 onm™ bands
are very sharp doublets of 4 co™Ll separation, No other bands appear
to have this doublet structure, and no explanation of the doubling
15. apparent,

g—- and B-Picoline. It 1s convenient to troat the I spectra of

a~- and B~picolinc in a single dlscussion, bccausc of their narked
sinilarities. Because of tho low synnotry of those nolecules, 911
their spectra will actually represent allowod trangitions A' - A%
with a moment perpcndicular to the molecular plene. (See previous
discussion), 8Single excitation of a* vibrations will produce bandg
in which the transition monment 18 in the ring plane, The symmetry
of these vibrations corresponds to the a, and f, vibrations of point

group Coy, and these are the vibrations that were belicved o account

Y
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for some of the wenker bands in the a’~picollne spectrun, Hence
the I spectrun of a~ and B-<plcolins will dbe richer in bands than
that of the 7-;1aomer, just a3 the ortho and meta spectra of
disubstituted dbenzones have nore bands than the corresponding para
conpound, Although the vibrations fall, in the strict sense, into
two classes only, onc would expect from what has becn sald. bcfore

that those will occur with nmore promincnce that were rccogniged in

the 3’~spectrun. In spitc of this ald it was found that the numbor

of nunerical eoincidcnces of interpreotation was so great that many
asd gnnents nust be consldered as tentatlive,

In e~picoline the sharp tand at 34753 co™l was token as 0-0
band, In f-picoline the closc palr 3466l4/97 contzine in all
probability the 0-0 transition, Here the lower valuc was chosen
for tho calculation because of a rather conslstont fit with Reaman
valucs, A4s mey be scen from Table II, there appear in the speotrunm
several other ®*doublets® with a scparation of 12 ~ 14 cm;l. The
544 em=l frequenoy in the upper state, which 1s the outstanding
feature of the pyridine spcotrun, is similarly prominent in a-
picoline but forns a less clearly defined progression in the g-
spectrun, If 1t 1s associatcd in cach case with a vibration of
628 om™L in the ground state (depolarized Ronan 1ino), then tho 544,
628 on™1 pair would rcpresont the p; component derived from tho
g+g 606 on™l carbon vibration in benzone. The fact that 1t is do-
polarized in Raman spectra of a~ and f~picolino, ovon though tho
class f; of group Coy gocs into the totally symmetric class &' in
Cgs indicates that tho effoct of the CH3z substitution in destroying

the cg axial synnetry of pyridinec is incompleto, Neverthelcss, 1t

nay be sufficient to make allowed thc transition of the B, vibra-




ko~

tion which 1s forbidden in ¥ -picoline if this 1s trocted as a Coy
molecule, The associaticn of the 544 and 628 om™ froquencioes ie
supported by the cccurronce of 84 cn™l Aifferencos i both speci—a.
Although all synnetry roquiraments arc formally met, the 3, vib.oe-
tional bands should occur with lew intensity because of the "remem—
branco® boing criginally feorbicddcn transiticns. This is neot tho case,
It is thereofere of intcrest that another assignmont ig possible, The
544 may namecly corrospond tc the vibrations of 545 and 551/35 in
the lower stetes of o~ and f-picoline, respectively, Ranan date
indicate that these vibrations arc totaelly -symmetric; tiaecy are
belioved to arisc fron the @ compenont of the E"‘g 606 en™t vie
bration in benzene, In fact, this interprctation, which is preo=-
ferred herc, fits in better than the first one with results in the
spectrun of pyridine, wheorc a long progression of 542 steps has
been found and assigned to tho o; component, The difficulty that'
in g=picclinc thore 1s definite évidense of an uppor—state 499 o2
vibration, ncy be met by pairing it with the 515 in the lower state.
Both @~ and B=picoline have an upper—state vidbration of about
580 cp™l occurring weakly which then might be palred with tho
628 on 1, |

Polarized Reman 1lines have been rcported at 801 and 813 in a=-,
and at 714 ond 600 om™l in B--pil.colinc.]':l'.:L3 The same frequecncics
weroc found in the ultraviolet absorption spectrum, One of thosec fro=
quonciocs will correspond to tho analog of the bonzeno ¥*breathing®
vibration as Adiscussed for 7-picolino. In a~picoline, it is
possibly ropresented in tho uppor-state by the band at O + 736 co™%,
and in B-picoline, by a strong band at O + 802 cm™l, A short
progression of 269 en~l 1s supcrinposed upon this transition. The
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802 band oonsists of a closely spaced sharp doublet from which
diffuse wings are degreded unequally to either eide; they eppear
to end abruptly at a low intensity and do mnat form a head.

Sevoral lowlying fundenental frequoncies are found which are
diffiocult to interprot dofinitely. In @~picolinc sonme alnost
identicul soparations which probatly represent fundamcntol fro—
quencies are obsorved to olther wavelcngth side from the 0-O0 band,
These pairs have been notods 207, 204; 355, 358; Si4, 545 om™L.,
Yot thero romains a 120 om';l frequency which, if paired with
204 cn~l in the lowor statc would account for the 1~1 diffcrence
of 84 co™l, Thie difference could p;ssidbly bo interproted as the
twofold excitation of a U2 m"'l differenco occurring a few tines
in a~picoline; but the prcdominance of the 84 over the 42 diffor-
ence, 1ts likely origin in the 120-204 differcnce, ond othor
internal evidonce argue for two distinct frequency diffcrences,

In p~picoline no such closely-motched palrs occur, Here, 158 and
198 oo™l are peircd, and their difference may account for the
proninent 1-1 diffcrende of 40 cn™l which 1s obscrved singly nnd
in progressions to the rod fron many strong bands, The &4 cm~1
differenco may result fron palring the lower stato frequency of 215
with the uppg{;}r'gquoncy of 131 co™l, The 207 and 269 en™L

upper state vibrations of a~ cnd f=picoline, respeotively, arec
quite likcly of typo @ or B, (a¥), and hence their single ex—
citation would produce & nonent in the moleculnr plane, This fact
nay account for the prominenco of the respective bands,

Frequencies of §00-1000 cm~l which produce strong bands in the
II transitions and 1in benzenc and its monolarivatives, give rise to
wook inconspicuous tandis only in the I transition under discussion,
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Thelr assignment to particular ncdes of vibration 1s uncertain and
will therefore not be discussed in dotall,

4 fow words noy be added on tho origin of the bauls in the IX
region of f=~plcolinc, which werc tentatively assigned %o ancther
transition, besidocs the A'.L';'Bl {or A%--A") chrntailning the nain
groups, As mentioned, this oth~x transitlion nay belong 1:.0 the se=
oond excitation of an &p° olectron fronm thu rityugen. And as such,
it should bo of type Al~A', bu% sh>uld resomblc o forbidden transi-
tion 51-52. Tae very tentative and incorplcte analysis is not in
contradiction to this assignmont, but it would be morc intoresting
and inportant if corrosponding bcnds could be idontified in pyridine
and 1 ~picolino whero the systens would be roro of type A ~A,, They
could appear through intercction of 8, and 62 vibrations, Exci~
tcotion of 32 vibrations shouwld be morc effectivo becauso £t would
produce a transition nonent in the moleculor plene in the sane di-
roction as in tho ovorlapping Ay~By m elcctron transition, 1In
fact, becnuse of the proxinity of thc two transitions, thoy should
be of comparablc intensitics,?d as 18 tho casc in B~picoline,

Sunnory and Conclusions

The evidonce sumnarized in the last section indicatcs that
the quostion of symretry of the electronic I transitions camnot be
consildorod settled on the brsis of the analyscs alonc., Anong these,
tho nmore dofinite findings in the study of the 7 =picoline spectrun
carry norc woight than do the less cdcfinite results in the cascs of
a~ and B~picoline., It is cvident, however, that the observations

as to narrowness of bands, shortness of progressions, and the

. @, Horzberg oné E. Tell Ze . Chen, B 21, W10 (1 .
i H, Bpo:e:rgnd E. Foller, Rov. bod. Phys. 13, 74 (19u§)?33)’
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oporation of synmnetry selection rules upon various clastus 'or vibra=~
tions, togethcr with the low intensity and allowed character of

the transition, all constitute a strong argunmont for Ba synnetry

in the elootronic excitoed state.

Another argunent in favor of the interpretation nay be ralsed
fron a comparison of thc intensitics of the I transition of pyri-
dine and the picolincs with those of thc dlazines which have been
studied by Halverson and Hirt,’° If the I spoctra are allowod trane
gitions due to the excitation of a nonbonding electron fron the nle
trogen, thon the corresponding spectra in tho diazines should de
about twioe as intonse as the I trrnsition in pyridine or the pico-
lines, Comparison of thc f voluce of the I transitions in the latter
substances with those dorived fron tho.published dianzine absorption
curves shows “hat this is indeod the case,

The eleotronic transitions in pyridine and the picolines discue=
sed here have beon surmarizod in Table VII, As hos becone apparent
from the toxt, the valucs for transitions II are considered nore
1liablo to possiblo futurc changes than those for transitions I, 8till
norc uncertein is the analysis of tho Aj-Ap systen of Bepiocolino,
The stoep absorption grodient between the I and II spoctra nakes it
vory Aifficult to ostnblish with certainty another alootronic tran—
sition in this region, On the othor hand, the very existcnos of
this grodiont and the @iffusoncss of transitions II nako overlapping
of anothor and possibly nmoro transitions in this rogion likeoly,

It nay bo eoon from the last tablo that tho rod shift of tho
151-132(:;4«) traneition 1s enallor than that of tho LA =~'B;(m—m)

30, P, Halvcrson and R, €. Hirt, J, Chom, Phys. 19, 711 (1951).
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transiticn for all molooulcs oxcopt tor1 -picoline, Accordingly,
the difforoncec botween the cxcitoed lovols 181~182 decrcascs fron
pyridine to f~picolinc, Of coursc, it should bec remcnbered that
the loocaticn of tho 1%.';-181 transition in pyridine is a rough
estinzto only,. Inj -picolino both spcotra shift to thc violet,
the II transition twice as nuch ns the I transition; so that tho
differancoe 1814-182 incrozsce ognin ond cones cloge to that in py=
ridine, In rogar< to intcnsitics, tho 4;-B, transition 1s tho
woakest in y;-pioolinc anc. the Al-;'Ba is Just a 1littlc stronger in
;]'-'pioolino than in the othor two isoners,

For oconpletoncss, the two singlot—triplct transitions of
pyridine have bcen added which worc recently studied by Roi.d.31
Howevor, thc assignnonts of tho systen to synuiotry typcs arc ro=
vorsod hero, Tho 31000 <>n'.'1 intorconbination syston, which resen-
bles the 151-?182 transition, is conncoted here with the unpeired
non~bonding electrons on the nitrogen, It is ot lcast 103 tines
weaker than the corrosponding singlot systen, Tho second intercome
binaticn syston ot 25500 is still weaker by another factor 102-107,
It rosenblos tronsition IX in its Ciffusconcsa ~n nay be rogarded
as o T4t transi-.tion. This noans, thrat while the singlot and triplot
85 levols 1ie only nbout 4000 cn™l aport ond actually overlap a
11ttle, the singlot rnd triplet B; lcvels nre more than 12000 cm™t
apart and lie in Giffcrent spectral regions, It is hoped to troat
lector the energy and intonsity rclations in thesc molocules,

We would like to thank Dr, J. J. HcGovern of the Hcllon
Instituto, Pitteburgh for the sanplcs of a~ and f=nicoline, ond
Dr, J. C. 8hivers of the Chonistry Departnent, Dukc University for
the samplc of ?’-plcolino.

31, C. Reid, J, Chen, Phys. 18, 1673 (1950).
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